Abstract Aiming at weather forecast and global climate research, the satellite FengYun-3C (FY-3C), as the new generation of China's weather satellites, was launched in 2013. It carries the Global Navigation Satellite Systems Occultation Sounder instrument, a BDS + GPS receiver, to fulfill the demand of orbit determination and occultation. In this contribution, we develop an integrated orbit determination of FY-3C, BDS, and GPS satellites by joint processing of onboard FY-3C and ground data during 2013-2017. Four processing schemes, BDS, GPS, BDS + GPS, and BDS (without Geostationary Earth Orbit [GEO]) + GPS, are designed to investigate the capability of BDS for the integrated precise orbit determination and the benefit of BDS and GPS fusion. Regional and global networks are also employed to analyze the influence of station distribution on the orbit determination. The results show that with a regional network, both BDS and GPS orbits present a significant improvement after including FY-3C data. For the BDS + GPS one-step solution, GPS orbits are improved by 20% compared with the two-step solution, while the improvement can reach 42%, 27%, and 27% for BDS GEO, Inclined Geosynchronous Satellite Orbit, and Medium Earth Orbit, respectively. The precision improvement of FY-3C is respectively 26%, 44%, and 30% in along, cross, and radial components. For a global network, the orbit precision of the BDS + GPS solution is improved by 4% for GPS and 5%, 16%, and 19% for BDS GEO, Inclined Geosynchronous Satellite Orbit, and Medium Earth Orbit, respectively. For FY-3C, the orbit improvement can reach 7%. The validation with satellite laser ranging also demonstrates the benefit of the integrated orbit determination. Such a high-quality orbit will potentially benefit meteorological studies and applications.
Introduction
For the purpose of global climate monitoring and numerical weather prediction, the FengYun-3C (FY-3C) satellite, developed by the Meteorological Administration/National Satellite Meteorological Center of China, was launched on 23 September 2013, with an inclination of 98.75°and a height of 836 km (Yang et al., 2012) . For scientific and remote sensing missions, such as Gravity Recovery and Climate Experiment (GRACE) and Jason-1, the precise orbit plays a crucial role in successfully achieving its designed goals. For the purpose of the precise orbit determination (POD) and Global Navigation Satellite Systems (GNSS) radio occultation, FY-3C is equipped with a state-of-the-art receiver, the GNSS Occultation Sounder (GNOS) instrument. Apart from GPS signals, GNOS has the capacity to receive signal from the BDS constellation, which consists of five Geostationary Earth Orbit (GEO) satellites, six Inclined Geosynchronous Satellite Orbit (IGSO) satellites, and three Medium Earth Orbit (MEO) satellites at present. There are three sets of antennas, the rising occultation antenna, the positioning antenna, and the setting occultation antenna installed on GNOS (Bai et al., 2014) . Up to six BDS satellites and more than eight GPS satellites can be observed simultaneously through the positioning antenna by GNOS. The onboard FY-3C data have already been successfully used for ionospheric electron density sounding (Mao et al., 2016) , atmospheric parameter retrieval (Liao et al., 2016) , POD (M. Li et al., 2017; Xiong et al., 2017) , and enhancing BDS orbits . GNSS satellites. Then, based on the estimated orbits and clocks of GNSS satellites, the LEO POD is performed using onboard GNSS data. In other words, the orbits and clocks correction of GNSS satellites are held fixed in the subsequent LEO POD. It is obvious that LEO orbit can be easily affected by the quality of GNSS orbits and the errors of ground stations in the two-step method. By contrast, a so-called one-step POD, which can also be called integrated POD, was proposed in the earlier time where the orbits of GNSS satellite and LEO are determined in the integrated adjustment by joint processing the ground and onboard data simultaneously. As a dynamic tracking station, a LEO is expected to achieve global tracking coverage for GNSS satellites orbiting at higher altitude. Different from the ground stations, the motion of LEO can improve the observation geometry of GNSS satellites. Furthermore, the strong algebraic correlations between LEO orbit, GNSS orbits, and the ground reference frame will be introduced in the process of integrated POD. Zhu et al. (2004) first determined the orbits of GPS and LEO in an integrated orbit determination by combining the ground-based GPS data, onboard GPS data, and satellite laser ranging (SLR) data from the CHAMP and GRACE satellites together, and the result indicates significant accuracy improvement of both GPS and LEO satellite orbits. The integrated POD of LEO and GPS was also implemented by Geng et al. (2006) , which proves the ability to compensate the weaknesses of both satellite types. Zoulida et al. (2016) carried out a simultaneous determination of GPS satellite orbits as well as Jason-2 orbit, and the resulting GPS orbits show higher quality compared to that of GPS-only solution. Besides, some other works are also performed by many scholars to investigate the performance of the one-step POD method (Boomkamp & Dow, 2005; Feng et al., 2016; König et al., 2005) .
The onboard FY-3C data provide us a great opportunity to investigate the integrated orbit determination of FY-3C, BDS, and GPS satellites. In this contribution, we will focus on the integrated orbit determination of FY-3C, BDS, and GPS by combining the tracking data from ground stations and the onboard FY-3C observations. We designed three network schemes to investigate the influence of station distribution on the integrated POD, and four strategies are performed to evaluate the capability of BDS for integrated orbit determination and the benefit of BDS and GPS fusion. Our paper is organized as follows: section 2 addresses the integrated orbit determination method and describes the detailed processing strategies. In section 3, we evaluate the performance of integrated orbit determination by overlap comparison and orbit comparison with international GNSS service (IGS) final products. And the results are subsequently further assessed by SLR validation in section 4. Finally, a summary of the results and corresponding conclusions are presented in section 5.
Integrated Orbit Determination and Processing Strategy

Integrated Orbit Determination
The GNSS pseudorange and carrier phase observations of ground station and LEO can be written as follows:
where subscript g and leo represent the ground station and LEO, respectively. The indices s and j refer to satellite and frequency. ρ s g;j is the distance between satellite and the ground receiver, while ρ s leo;j is the distance between satellite and LEO antenna phase centers in meters. c is the speed of light in vacuum. δt g , δt leo , and δt s denote the clock offsets of ground station, LEO, and satellite, respectively. λ j is the wavelength at the frequency j. b g, j , b leo, j , and b s j represent the code bias of ground receiver, onboard receiver, and satellite, respectively. B g, j , B leo, j , and B s j are phase delays of ground receiver, onboard receiver, and satellite, respectively. I s g;j and I s leo;j are slant ionospheric delay along the line of sight for ground station and LEO at frequency j. T s g is the slant tropospheric delay of ground station g. Since LEO usually is well above the troposphere, GNSS observations of LEO are not affected by the troposphere, and tropospheric delay terms for LEO can be neglected. N s g;j and N s leo;j are the integer ambiguities for ground and onboard receivers, respectively. ε s g;j and ω s g;j denote the sum of multipath error and observation noise for code and carrier phase observations of ground station, while ε s leo;j and ω s leo;j are the combination of multipath error and observation noise for code and carrier phase observations of LEO, respectively.
Usually, the ionosphere-free (IF) combination is formed to eliminate the first order of ionospheric delay in POD process. Based on the raw observation in (1), we can formulate IF combination as below:
For ground stations, the coordinates are usually fixed as known values or tightly constrained in the process of integrated POD. An a priori model is usually utilized to correct the dry part of tropospheric delay, and the wet component can be estimated as piecewise constant parameters in the POD procedure. After linearization, the observation equation can be rewritten as Li et al., 2015) . The other symbols have similar meaning as above but for the IF linear combination.
In our study, pseudorange and carrier phase observations on frequencies L1 and L2 for GPS, B1, and B2 for BDS are used to form the IF combination of GPS and BDS. In the case of combined GPS and Beidou (GC combination) POD, the linearized observation equation (3) can be formulated as
where the indices C and G refer to the BDS and GPS satellite, respectively. Note that the code biases (b
in one multi-GNSS receiver are different from each other due to the differences in the signal structure and frequencies of individual GNSS constellation. The differences between these code biases are called intersystem biases (ISB). In the GC combined integrated POD, GPS is selected as reference and the code bias for GPS of each station is set to 0, and the ISB parameter (b IF will be absorbed by phase ambiguities parameters. Therefore, the estimated parameter can be described as
All the unknown parameters are estimated in a batch-processing mode based on the ground and onboard observations.
Processing Strategy
In order to evaluate the performance of integrated orbit modeling for BDS, GPS, and LEO, the ground observations and FY-3C onboard data from day of year (DOY) 321 to DOY 350 in 2013, DOY 081 to DOY 110 in 2015, and DOY 081 to DOY 110 in 2017 are utilized. Three station schemes (see Figure 1 ), a regional network with 10 multi-GNSS Experiment (MGEX; Montenbruck et al., 2017) ground stations (regional network [RN] scheme), a global network with 34 MGEX ground stations (GN30 scheme), and a global network with 85 MGEX ground stations (GN85 scheme) are designed to investigate the impact of the quantity and distribution of ground stations on integrated POD. In each scheme, we perform BDS, GPS, GC, and GC (without GEO) POD with and without LEO, respectively. Table 1 lists the BDS, GPS, and FY-3C integrated POD strategy in detail. To make full use of onboard data, the data interval is set to 30 s. We select an arc length of 3 days, which has 48-hr overlapping orbit between two adjacent consecutive orbit arcs. The cutoff elevation angle is set to 7°for ground station and 1°for FY-3C. The
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Journal of Geophysical Research: Solid Earth GPS phase center offset (PCO) and phase center variation (PCV) corrections from IGS igs08.atx model (Schmid et al., 2016) are used, while the PCO values provided by European Space Agency are employed for BDS. Note that the BDS PCV is ignored here. The PCO corrections used for FY-3C are the same as used by M. Li et al. (2017) , while the PCV for FY-3C is ignored. The double-difference ambiguity resolution is employed to recover integer property of the ambiguities for the ground network, while the FY-3C ambiguities are estimated as float constant values for each continuous arc, not fixed to integers.
It should be noted that there are some differences between the dynamic model of navigation satellites and FY-3C. The Earth gravity field, one of the main conservative forces, is modeled by EIGEN6C (Förste et al., 2011) up to order and degree 12 for navigation satellites, whereas due to the lower orbit, a higher order gravity field model should be used for LEO. A 120 × 120 EIGEN6C model is employed for LEO to describe the gravity field more elaborately. As for nonconservative forces, main dynamic model differences exist in solar radiation pressure and atmospheric drag. In our study, BDS/GPS satellites utilize the five-parameter ECOM model (Beutler et al., 1994) to describe the solar radiation pressure, and five independent parameters are estimated as arc constants. The solar radiation pressure of FY-3C is computed based on box-wing model with simplified geometric model and panel information of FY-3C. In terms of atmospheric drag, it is usually ignored for navigation satellites because of the thinner atmosphere on the orbit height of BDS/GPS satellites. Differently, the atmosphere drag must be taken into account for LEO. Based on the geometric information about FY-3C, atmospheric drag can be obtained with the atmosphere density computed by DTM94 (Berger et al., 1998) and additionally the drag scale coefficient is estimated as piecewise constant parameter to compensate for the error due to the simplified geometric model. Besides, in order to compensate the unmodeled force errors of LEO, empirical accelerations for LEO in along-track, cross-track, and radial components are estimated as piecewise constant parameters.
Results
The integrated POD is performed using onboard FY-3C data and ground observations from regional and global networks during DOY 081-110 in 2017. The arc length we select is 3 days, shifted by 1 day for any two adjacent arcs. In this study, we compare the middle day of one 3-day arc with the first day of the following 3-day arc to exclude the arc boundary degradations. In other words, the 24-hr orbit overlap differences (OODs) are analyzed.
Integrated POD With Regional Network
BDS and GPS observations of 10 stations in the Asia-Pacific region from MGEX are used in the RN scheme. With regional network, four POD schemes, namely GPS, BDS, GC, and GC (without GEO), are processed with and without LEO, respectively. Figure 2 illustrates the overlap differences of GPS POD with regional network in the along-track, cross-track, radial, and 3-D directions. The 3-D root-mean-square (RMS) of overlap 
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Journal of Geophysical Research: Solid Earth differences is computed as the square root of quadratic sum of RMS values in the three components, which represents the length of the difference vector. All the GPS satellite orbits get an improvement after FY-3C is involved. The average RMS of GPS OODs for the one-step solution is improved by 45%, 49%, and 41% in the along-track, cross-track, and radial components, respectively. Figure 3 shows the time series of daily OOD RMS for FY-3C GPS POD. The average RMS of FY-3C OOD in the along-track, cross-track, and radial components is, respectively, 14.0, 6.3, and 10.9 cm. As expected, the one-step solution for FY-3C shows a better precision than the two-step solution. The average RMS of the one-step solution is reduced to 7.0 cm in along-track, 3.0 cm in cross-track, and 5.1 cm in radial components. It demonstrates that the orbits of both GPS and LEO can benefit from the integrated POD with regional stations. Figure 4 presents the overlap differences of BDS POD in all directions. Significant improvement can be observed for all BDS satellites when LEO is involved. For IGSO and MEO, the orbit precision of one-step solution can be improved by (11%, 2%, and 20%) and (11%, 13%, and 19%) in the along-track, cross-track, and radial components, respectively. For GEO, the precision improvement can reach up to 40%, 11%, and 1% Note. FY-3C = FengYun-3C; POD = precise orbit determination; LEO = low Earth orbit; GNSS = Global Navigation Satellite Systems; ESA = European Space Agency; PCO=phase center offset; PCV=phase center variation; SRP=solar radiation pressure; ERP= earth rotation parameters; LSQ= least square; SINEX= solution independent exchange.
in the three components. We can find that the largest precision improvement is achieved for GEO satellites, especially for the along-track component. The main reason is that BDS GEO is almost stationary relative to ground stations, which leads to a static observation geometry. As a moving station, the addition of a LEO Figure 2 . Root-mean-square of orbit overlap differences for GPS precise orbit determination with 10 regional stations. Red and blue bars represent two-step and one-step results, respectively. Figure 3 . Daily RMS of orbit overlap differences for FengYun-3C GPS precise orbit determination using the two-step and one-step methods with the regional network scheme. Red and blue lines represent two-step and one-step results, respectively. RMS = root-mean-square; DOY = day of year.
Journal of Geophysical Research: Solid Earth can significantly strengthen the observation geometry of GEO. The time series of daily RMS of OODs for FY-3C BDS POD using the two-step and one-step methods are shown in Figure 5 . There is an evident improvement in overlap differences for all three components of FY-3C when the integrated POD is processed. Compared with the two-step POD result, the precision of FY-3C orbit for the one-step POD is improved by 71%, 76%, and 75% in the along-track, cross-track, and radial directions, respectively. On the other hand, we can find Figure 4 . Root-mean-square of orbit overlap differences for BDS precise orbit determination with 10 regional stations. Red and blue bars represent two-step and one-step results, respectively. GEO = Geostationary Earth Orbit; IGSO = Inclined Geosynchronous Satellite Orbit; MEO = Medium Earth Orbit. Figure 5 . Daily RMS of orbit overlap differences for FengYun-3C BDS precise orbit determination using the two-step and one-step methods with the regional network scheme. Red and blue lines represent two-step and one-step results, respectively. RMS = root-mean-square; DOY = day of year.
that the FY-3C orbit precision for both the BDS two-step and one-step solutions is much worse than that of the GPS solution, which is due to the few BDS observations of FY-3C.
We implement two GC combined POD schemes with and without GEO, namely, GC and GC (without GEO), to investigate the influence of BDS GEO satellites on GC combined POD using a regional network. Figure 6 shows the RMS of GPS and BDS OODs for the GC combined POD. It can be seen that both GPS and BDS orbits profit from the dual-system combined POD. The average 3-D RMS of GPS, GEO, IGSO, and MEO OODs is 15.4, 142.7, 31.4, and 29.1 cm, respectively, which is better than that of both the single-system Figure 6 . Average root-mean-square of GPS and BDS orbit overlap differences for GC combined precise orbit determination with 10 regional stations. GEO = Geostationary Earth Orbit; IGSO = Inclined Geosynchronous Satellite Orbit; MEO = Medium Earth Orbit.
Journal of Geophysical Research: Solid Earth solutions (the GPS solution and the BDS solution). It implies that the fusion of GPS and BDS can improve the orbit precision of both constellations with the regional network. This is because the combination of GPS and BDS brings more observations and improves the strength of the POD solution in the case of the regional network. Once the FY-3C onboard data are introduced into the GC POD, the orbit precision of all satellites obtain an obvious improvement. The 3-D RMS of GPS, GEO, IGSO, and MEO OODs is reduced by 20%, 42%, 27%, and 27% when using the one-step method. The largest precision improvement is achieved for GEO, and the improvement in the along-track component plays a dominating role like for the BDS solution.
There is a significant precision improvement for GPS, IGSO, and MEO orbits when BDS GEO satellites are removed from the GC POD process. And GPS, IGSO, and MEO orbits present smaller overlap differences with the 3-D RMS of 12.3, 18.1, and 22.1 cm. This indicates that the inclusion of GEO can result in a significant precision degradation of the estimated orbits. The negative effects of GEO are possibly related to the poor quality of GEO observations, which usually have a severe multipath error from the ground stations due to the geostationary feature of GEO satellites. In addition, the relatively imperfect perturbation models for GEO can also negatively influence the POD. Similar to the GC solution, GPS, IGSO, and MEO orbits for the GC (without GEO) solution achieve a better precision with the FY-3C onboard data involved. Compared with the two-step solution, the orbit precision of GPS, IGSO, and MEO is improved by 24%, 18%, and 36%, respectively. Figure 7 demonstrates the time series of daily RMS of OOD for FY-3C GC combined POD with the RN scheme. For GC POD, the one-step solution presents a better orbit consistency than the two-step solution. With the one-step method applied, the RMS of FY-3C OOD in the three directions are reduced from (15.9, 7.2, and 11.9 cm) to (11.7, 4.0, and 8.4 cm). It is noteworthy that a few outliers are observed in the GC two-step solution, for example, on DOY 092 and 096, which are not visible in the GC one-step solution. This might indicate that the one-step method allows a more robust detection of outliers. After excluding GEO satellites, FY-3C orbits have smaller overlap differences with OOD RMS of 8.3, 3.5, and 6.3 cm in the three components. An evident precision improvement can be observed for the one-step solution, and the improvement percentage can reach 19%, 23%, and 22% for the along-track, cross-track, and radial directions. Daily root-mean-square of orbit overlap differences for FengYun-3C GC combined precise orbit determination using the two-step and one-step methods with the regional network scheme. GEO = Geostationary Earth Orbit; DOY = day of year.
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As a reference orbit, the MGEX orbit product can be used as an indicator to evaluate the orbit accuracy of GNSS satellites. In this study, we compare the RN solution with the MGEX final orbit product (GBM) from GeoForschungsZentrum (GFZ) and the RMS of orbit differences are calculated. Table 2 illustrates the 3-D RMS of GPS orbit differences for the GPS, GC, and GC (without GEO) solutions with respect to the GBM product. The results show that for the one-step method, the average 3-D RMS of orbit differences for the GPS, GC, and GC (without GEO) solutions are reduced by 35%, 5%, and 13%, respectively. This indicates that the onestep solution has a better consistency with the MGEX product than the two-step solution. It should be noted that the GC solution presents a smaller RMS than the GPS solution, which means that the fusion of BDS and GPS can improve the POD precision. Table 2 also presents the result of the BDS orbit comparison with respect to the GBM product. Similar to GPS, the orbit differences of BDS for all one-step solutions are smaller than that for the corresponding two-step solutions. Taking the BDS solution as an example, the orbit differences for the one-step solution are reduced by 66% for GEO, 10% for IGSO, and 10% for MEO, respectively. It is noteworthy that, compared to the result of IGSO and MEO satellites, the improvement of orbit precision of GEO satellites is much more evident. This again demonstrates the contribution of onboard BDS GEO data for GEO orbit determination.
Integrated POD With Global Stations
About 34 globally and evenly distributed stations from the MGEX network are selected for the GN30 scheme. We perform four POD strategies like for the RN scheme to investigate the performance of FY-3C, BDS, and GPS integrated POD with a global network. Figure 8 presents the overlap differences of individual GPS orbits for GPS POD. On average, the orbit differences for GPS are reduced from 2.4 to 2.2 cm in along-track, from 1.7 to 1.6 cm in cross-track, from 0.9 to 0.8 cm in radial components when the one-step POD are considered. Compared with the RN solution, the GPS orbit for the GN30 one-step solution get a smaller precision improvement. This is mainly because of the larger number of ground stations, thus reducing the contribution of onboard observations from FY-3C in the POD. Table 3 shows the average OOD RMS for FY-3C GPS POD for the GN30 scheme. The precision of FY-3C GPS two-step POD can reach centimeter level. When the integrated orbit determination is implemented, the 3-D RMS of FY-3C OOD is reduced by 11%. This demonstrates that the integrated POD can improve both GPS and LEO orbit precision even with the global network.
The OODs for BDS POD with the GN30 scheme are shown in Figure 9 . With the global network, a better orbit precision is achieved for BDS satellites, especially for IGSO and MEO. On average the 3-D RMS of BDS OOD for the two-step solution is 75.4 cm for GEO, 46.8 cm for IGSO, and 14.7 cm for MEO, respectively. Once FY-3C is involved, the orbit precision of BDS satellites can be improved. The improvement percentage of OOD 3-D RMS for GEO, IGSO, and MEO can reach 2%, 6%, and 14%, respectively. Different from the RN solution, BDS GEO orbit of the one-step solution presents the smallest improvement among the three types of BDS satellites. This is reasonable because introducing more global stations can improve the observation geometry for BDS GEO even though the geostationary feature of GEO is not changed, which can weaken the enhancement of onboard observations for GEO. On the other hand, the onboard BDS observations collected by FY-3C are relatively less than GPS observations as the number of tracking channels for BDS is limited, and in addition GEO observations are less than IGSO and MEO observations. These factors also lead to a lower contribution to BDS GEO POD in the case of the global network. Table 3 illustrates the RMS of FY-3C OOD for the BDS POD. The FY-3C OOD for the GN30 solution is much smaller than that for the RN solution owing to the great improvement of BDS orbits and clocks with a global network. Using the one-step method, the FY-3C orbit for the BDS solution achieves a better precision. The OOD RMS for the one-step solution in the along-track, cross-track, and radial components is improved by 30%, 33%, and 33%, respectively. Figure 10 demonstrates the RMS OOD of GPS and BDS for the GC combined POD using data from global stations. The average 3-D RMS of GPS, GEO, IGSO, and MEO OOD for the two-step solution is 4.5, 71.3, 19.4, and 6.9 cm, respectively. It can be seen that the GPS orbits of the GC combined solutions are worse than that of GPS solution. Different from the RN solution, introducing BDS satellites (particularly BDS GEO) into the POD process with a global network can degrade the GPS orbits. The possible reason is that using the global observations, GPS can already achieve relatively high-precision orbits. In this case, the addition of new constellation with poor-quality observations and relatively improper perturbation models (GEO) will have a slight negative influence on the precision of GPS orbits. After introducing LEO into the POD, the orbit precision of GPS, GEO, IGSO, and MEO is improved by 4%, 5%, 16%, and 19%, respectively.
When BDS GEO satellites are excluded, the 3-D RMS of GPS, IGSO, and MEO OOD is reduced to 3.1, 6.9, and 4.7 cm, respectively. It demonstrates that the inclusion of GEO satellites also have negative effects on the orbits of the other satellites, although more observations from the global network are utilized. With the GC (without GEO) one-step POD performed, GPS, IGSO, and MEO orbits present a better consistency, which Note. FY-3C = FengYun-3C; GEO = Geostationary Earth Orbit; G=GPS; C=BDS; GC=GPS+BDS. are respectively improved by 3%, 7%, and 9% compared to the two-step solution. For FY-3C, the GC combined solution presents a worse consistency than the GPS solution due to the introduction of BDS GEO (see Table 3 ). An evident improvement can be observed for the GC solution when the one-step approach is used, and the 3-D RMS of FY-3C OOD for the GC one-step solution is reduced by 7%. For the GC (without GEO) POD, the one-step solution almost achieves the same precision as the two-step solution.
To further assess the impact of quantity of ground stations on the integrated POD, approximately 85 tracking stations from MGEX network all over the world are selected in the GN85 scheme from which more than 55 stations have the capacity to track the BDS constellation. These stations are mainly distributed in Europe and a region extending from Australia to East Asia. Table 4 displays the RMS of GPS, BDS, and FY3C OODs for the GC POD with the GN85 scheme. Compared with the other two schemes (RN and GN30), the inclusion of more ground stations can improve the GPS and BDS orbit precision. Meanwhile, the average RMS of GPS and BDS OOD becomes smaller after onboard data from FY-3C are utilized. Similar to the previous two schemes, the precision improvement of GEO satellites mainly focuses on the along-track component, which can reach 9%. The overlap differences for GPS, IGSO, and MEO are reduced with FY-3C onboard data, which can reach 3% for GPS, 8% for IGSO, and 9% for MEO. In addition, we can see that the orbit of FY-3C GC-combined POD for GN85 solution has a better consistency than that of GN30 solution. The integrated POD can evidently reduce the overlap difference of FY-3C orbit for all three components, which implies the great potential of the integrated POD for improving orbit quality of Earth observing satellites.
Integrated POD During 2013-2017
In order to access the performance of the integrated POD of BDS, GPS, and FY-3C in different years, we process the observations of global stations and FY-3C from DOY 321-350 in 2013 , DOY 081-110 in 2015 , and DOY 081-110 in 2017 . Note that all the available MGEX stations in 2013 and 2015 are used and the stations from GN85 scheme are used here for 2017. Likewise, the orbit of IGSO for the one-step solution also achieve a better consistency than that of the two-step solution. The IGSO orbit precision for the one-step solution is respectively improved by 8%, 7%, and 7% in the three years. For MEO, no remarkable improvement can be found in 2013 and 2015, while orbit precision is improved slightly by 10% in 2017.
SLR Validation
The SLR measurements are only used for an independent validation of BDS satellites orbit since no laser retroreflectors are mounted on FY-3C. In this contribution, the SLR data collected from the International Laser Ranging Service network (Pearlman et al., 2002) are utilized to validate our orbit results. The differences between SLR observations and the computed distance using the BDS orbits and the SLR stations coordinates are calculated. The mean bias and standard deviation (STD) are used as quality indicators. It is noteworthy that the outliers exceeding an absolute value of 1 m for GEO and 0.4 m for IGSO and MEO are excluded from the SLR validation. Table 5 presents the mean bias and STD of SLR residuals for BDS GEO C01. For the regional solution, both the C and GC one-step solutions have a smaller STD than the two-step solution and it is reduced by 17% for the Note. FY-3C = FengYun-3C; OOD = orbit overlap differences; POD = precise orbit determination; GEO = Geostationary Earth Orbit; IGSO = Inclined Geosynchronous Satellite Orbit; MEO = Medium Earth Orbit. BDS solution and 10% for the GC solution when LEO is involved. This is consistent with the previous overlap results in section 3. A similar improvement can also be found in the global solution. Compared to the twostep solution, a smaller STD improvement is achieved by the global one-step solution, which is 5% and 8% for BDS and GC solution, respectively. This is due to the fact that with the increase of the number of ground stations, the contribution of onboard observations from FY-3C is reduced. It is worthwhile to notice that the SLR residuals of BDS C01 has a mean bias of about À40 cm, which may relate to the use of ECOM solar radiation pressure model (Guo et al., 2016) . We can find that the SLR bias of the one-step orbit is closer to À40 cm than that of the two-step solution. Table 6 presents the SLR mean bias and STD for IGSO and MEO satellites. Only the GC (without GEO) solution is analyzed here in order to avoid the precision degradation due to the inclusion of BDS GEOs, which already has been confirmed in section 3. In general, for all solutions, SLR residuals for both IGSO (C08 and C10) and MEO (C11) have an average bias within 3 cm, while the STD are within 3-7 cm. Similar to BDS GEO, the SLR residuals of IGSO and MEO for the regional solution present a smaller variation after the introduction of FY-3C. For the global solution, the SLR STD of the one-step solution is comparable to that of the two-step solution. The SLR STD of C08 (IGSO) for the one-step solution is slightly smaller than that for the two-step solution, while the SLR STD of C11 (MEO) for the one-step solution is slightly larger than that of the two-step solution. Note. GEO = Geostationary Earth Orbit; SLR = satellite laser ranging; RN = regional network; STD = standard deviation; C=BDS; PRN= pseudo-random noise.
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Conclusions
In this paper, we developed the integrated orbit determination of FY-3C, BDS, and GPS using onboard FY-3C data along with the regional and global network during 2013-2017. The overlap comparison result shows that the integrated orbit determination can significantly improve the orbit of both FY-3C and navigation satellites. Along with a regional network, the largest orbit improvement is achieved for BDS GEO, especially for the along-track component, and the precision improvement of BDS GEO can reach up to 42% for the GC one-step solution. It is reasonable because introducing LEO as a moving station into the POD can significantly strengthen the observation geometry for GEO with a regional network. Meanwhile, we find that introducing BDS GEO into the POD process can degrade the orbit quality of the other satellites because of the poor quality of GEO observations and the improper perturbation models for GEO.
Using the globally distributed network, GPS, BDS, and FY-3C orbits can get a better precision than that for the regional solution because of more ground stations involved in the POD process. The orbit precision improvement can also be achieved for both FY-3C and navigation satellites when the integrated orbit determination is employed. The improvement of GPS, GEO, IGSO, MEO, and FY-3C orbits can reach 5%, 5%, 16%, 19%, and 7%, respectively. However, the precision improvement of the global one-step solution is smaller than that of the regional solution, because the inclusion of more global stations can weaken the enhancement of LEO for GNSS satellite orbits. More contributions from LEO can be expected as more onboard data are used. Also, the orbit degradation for GPS, IGSO, MEO, and FY-3C due to including BDS GEO can be observed in the global network.
The SLR data collected from the International Laser Ranging Service network are utilized to validate our BDS orbits. For the regional network, the SLR residuals of the one-step solution are smaller than those of the twostep solution. The STD reduction of SLR residuals for the one-step solution is 17%, 5%, 24%, and 7% for BDS C01 (GEO), C08 (IGSO), C10 (IGSO), and C11 (MEO), respectively. Meanwhile, it can be seen that the mean bias for C01 (GEO) is closer to À40 cm, when the one-step method is implemented. With a global network, almost similar SLR STD has been achieved for both the one-step and two-step solutions. The SLR validation results further confirm the benefit of the integrated orbit determination.
These initial results demonstrate the capacity of BDS (with the exception of GEO) for the integrated POD and the potential of integrated orbit determination to improve the orbit of both LEO and navigation satellites. These high-precision orbit products will without a doubt provide important support and guarantee to the atmospheric studies and scientific applications. Note. SLR = satellite laser ranging; IGSO = Inclined Geosynchronous Satellite Orbit; MEO = Medium Earth Orbit; GEO = Geostationary Earth Orbit; STD = standard deviation; RN = regional network; C=BDS; PRN=pseudo-random noise.
